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ABSTRACT: In this study, the aerodynamic performance of a wing with a sinusoidal leading edge at
relatively low Reynolds numbers was numerically investigated. The main objective was to evaluate the
influence of leading-edge Protuberances on flow behavior and aerodynamic characteristics. Simulations
were performed using software based on the finite volume method and shear stress transport turbulence
model. Six different configurations with varying amplitudes and wavelengths of the sinusoidal leading-
edge wing were designed and analyzed. Among them, the configuration with the largest amplitude

demonstrated superior acrodynamic performance, particularly near and beyond stall condition, and was
therefore selected for detailed comparison with the base model. The results show that the sinusoidal
leading edge delayed flow separation, improved the stability of vortical flow structures, and shifted stall
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to higher angles of attack. In addition, the maximum lift coefficient was increased by approximately
10%, compared to the base wing. The findings also indicate a slight reduction in drag coefficient and an
improvement in lift-to-drag ratio within specific operating conditions. Analyses of pressure distribution ~ Incompressible Flow
and velocity contours confirmed the formation of organized spanwise flow structures and a more uniform  Numerical Simulation
turbulence distribution over the wing surface. Overall, the results suggest that sinusoidal leading-edge

geometries can effectively improve aerodynamic performance and flow stability at relatively low

Reynolds numbers.

1- Introduction

Improving aerodynamic performance at low Reynolds
numbers is an important challenge in the design of small-scale
aerial vehicles and bio-inspired aerodynamic systems [1-
3]. Under such conditions, aerodynamic surfaces are highly
susceptible to early flow separation and stall, which reduce
aerodynamic efficiency and flow stability. Consequently,
passive flow-control techniques for delaying separation
have attracted significant attention [4]. One promising bio-
inspired approach involves use of sinusoidal leading-edge
geometries, inspired from humpback whale flippers [5].
Previous experimental and numerical studies have shown that
these geometries can generate streamwise vortical structures,
enhance momentum transfer within the boundary layer,
and improve post-stall aerodynamic performance [6, 7]. In
addition, several investigations have reported that sinusoidal
leading edges can modify turbulence distribution, delay flow
separation, and improve aerodynamic stability under low-
Reynolds-number conditions [8, 9]. Despite these advances,
the detailed aerodynamic mechanisms associated with three-
dimensional sinusoidal leading-edge wings still require further
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investigation, particularly regarding turbulence development,
spanwise flow organization, and post-stall flow behavior [10].
Accordingly, the present study numerically investigates the
aerodynamic performance of a three-dimensional wing with
sinusoidal leading-edge geometry at a relatively low Reynolds
number. Several configurations with different amplitudes and
wavelengths were analyzed and compared with a base wing.
The study focuses on aerodynamic coefficients, pressure
distribution, and flow structures associated with delayed flow
separation and stall behavior.

2- Methodology

In the present study, the aerodynamic behavior of a
three-dimensional wing with a sinusoidal leading edge was
numerically investigated under incompressible turbulent
flow conditions. A base wing and six sinusoidal leading-edge
configurations (with different amplitudes and wavelengths)
were analyzed at a Reynolds number of 100,000 over a
range of angles of attack. The numerical simulations were
performed using software based on the finite volume method.
The governing Reynolds-averaged Navier—Stokes equations
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Fig. 1. Geometry of the sinusoidal leading-edge wing.

were solved using shear stress transport turbulence model
because of its reliable performance in predicting separated
aerodynamic flows. Pressure—velocity coupling was achieved
using the SIMPLE algorithm together with second-order
discretization schemes. The geometry of the investigated
wing is illustrated in Fig.1. Near-wall mesh refinement was
employed to ensure accurate boundary-layer prediction.
The numerical methodology was validated using previously
published reference data [11], and good agreement was
achieved. Although the simulations were conducted using
a steady-state formulation, investigation of unsteady flow
structures may be considered in future studies.

3- Results and Discussion

The aerodynamic coefficients obtained for the investigated
wing are presented in Fig.2. The results demonstrate that the
sinusoidal leading-edge geometry significantly influences
the aerodynamic behavior of the wing, particularly near stall
conditions. Among the investigated configurations, model
A9W25, corresponding to a sinusoidal leading edge with an
amplitude of 9 mm and a wavelength of 25 mm, exhibited the
best aerodynamic performance. Compared with the base wing,
this configuration produced a higher maximum lift coefficient
and delayed stall to larger angles of attack. In addition, a
slight reduction in drag coefficient was observed within
specific operating conditions, resulting in an improved lift-
to-drag ratio. The improvement in aerodynamic performance
is closely associated with the flow structures generated by
the sinusoidal leading edge. Figure 3 presents the turbulent
kinetic energy distribution for the A9W25 configuration
at an angle of attack of 15°. The results indicate that the
sinusoidal leading-edge geometry produced more organized
flow structures and improved turbulence distribution over the
wing surface. In particular, the generated vortical structures
enhance momentum transfer within the boundary layer
and increase its resistance to adverse pressure gradients.
Furthermore, the turbulent kinetic energy contours revealed
that the separated flow regions develop more gradually in
the sinusoidal leading-edge configuration. In addition, the
peak regions maintain a more stable flow structure, while
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Fig. 2. Variations of lift coefficient, drag coefficient, and
lift-to-drag ratio for different sinusoidal leading-edge
and Base configurations.

localized flow disturbances are mainly concentrated near the
valley regions. Overall, the sinusoidal leading-edge geometry
improved flow stability and contributed to delayed flow
separation under low-Reynolds-number conditions.

4- Conclusions

The numerical results demonstrated that the sinusoidal
leading-edge geometry improved the aerodynamic
performance of the wing under low-Reynolds-number
conditions. The 49W25 configuration showed delayed flow
separation, improved flow stability, and higher acrodynamic


https://dx.doi.org/10.22060/mej.2026.25585.7954

Z. Shariati Koohbananiet al., Amirkabir J. Mech. Eng., 57(11) (2026) 1509-1534, DOI: 10.22060/mej.2026.25585.7954

Turbulent Kinetic Energy

3
28
26

24
22
2

18
18
14
12
1

08
08
04
02

AIW25, Re = 1x10%, 0 =15°

Fig. 2. Phase velocity dispersion curves for a steel pipe
with outer diameter of 220 mm and wall thickness of
4.8 mm.

efficiency compared with the base wing. In addition, the
turbulent kinetic energy distribution confirmed formation of
more organized flow structures over the wing surface. Future
studies may further investigate the unsteady flow behavior,
using transient simulations.
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Table 1. Designed examples for wing analysis with sinusoidal leading edge.

(A) o3l 3,90 diold (W) o3l 3,90 ZgoJsb solw!
oo ¥ Yoo YO A3 W25
Sk £ yooiskeo YO A6 W25
yoho @ yo dho YO A9 W25
o sk ¥ o dwo Y A3 W30
Sk £ Sk Yo A6 W30
o o @ o o Y A9 W30

gd e iy i sabaly sl TV sy o el glate oyl

Y+ = PUry (v)
Y7,

u = o (v)
Yo,

s sl 3 cspm s Jo8 o 5 oo oy i sl Joo
w0l plwl Slulbe wlal 3 0,8 )3T T ST cosgims o aSus
¥ US55 (B soome) 59 slisly 3 Jb s 59y 2T bl i
aaw JS T Sle Hlade oS 34 o odmlie .ol 0l o3l iules
LI 01 155 St el bty el 43,5 15 Cnlio 0390 5 L
(2 GRS st 5 caslio €83 g 0392 55l 2L TR =0 Jao

S oo S |y (5hp0 Y LB

J> 9 e bl Y Y
dae il ilwdend cpl pd b o)l i iSu 0 &S AgS e
=5 <@ <257 alex (blgj o390 4> (R€=100,000) ;845,

by Sl aS oads Qo] sS4 Sluwloe (gdioly (Cuwl oiud odldiuw!

o md oo QLS 1y o0l (w3 S0 b S5 ) ol
i gy Swelungpl 3Skes a8 Juo gl sla o sl

a3 o lis 1y b Jae cpl (gawsin

CMaSud g (Slawle a4l -V -

b SBLEL ) 0l e S ©)g0 4 Sl st sy
Sy Jilis (295 g4l 3 gl iS5l ST Sas aiB)S s
o1 ool ANSY'S 58l o5 5l oolitasl b 4 1o sl b (¥ IS5)
Dyl 0055,8 oalal Tadl Hdle (4l el S el
Y 5 ooy 8, 5 1b 3l il 455 o150 b o S35
D9 ey Gaolie CBI L (g5

2 by g Ty calis g ady dilise 4l a (S ol
WAl oS dad o i ld L0 dwsbre axpd Ve gdlesdsl;
Colg > sl AV ) a8 e (gaSus 93 3 el s & il
ol 43,8 8 oozl 3,90 lall Cpselee YVEVAVY ol (class
s 3 o e e S A
A e s |,

o )35 Sodp sanl 38y Jo 22Tk —@ (Saasl Jao
Syl 3 4l odgaze o 4 s sl (8,5 ,1,8 wie il

1. Structured

Vo



VOFF 110+ doxiuo AFF Jlo )Y o5l DY 093 «puiS puol SlSlo wnties &y it

o (21,b ATW25 cwgiow dlosad b JU Jio g a1l JU Jio ) JSUS

Fig. 1. Basic wing model and wing model with sinusoidal leading edge designed A9W25.
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Fig. 2. Generated mesh for a wing with a sinusoidal leading edge.
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Fig. 3. Investigation of Mesh independence for a wing with a sinusoidal leading edge.
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Fig. 4. IDistribution of Y* along the chord (x/c) on the wing surface with a sinusoidal leading edge.
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Fig. S. Boundary conditions for solving the wing model with a sinusoidal leading edge.
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Fig. 6. Comparison between lift coefficients (left) and drag coefficients (right) for the basic wing and the simple
wing analyzed by Shen et al [21].
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Fig. 7. Boundary conditions for solving the wing model with a sinusoidal leading edge. Variations in lift
coefficient in different wing models with sinusoidal leading edge and base wing.
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Fig. 8. Variations in drag coefficient in different wing models with sinusoidal leading edge and base wing.
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Fig. 9. Lift to drag coefficient ratio in different wing models with sinusoidal leading edge and base wing.
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Fig. 10. Display of cut locations for comparison of physical phenomena.
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Fig. 11. Pressure coefficient distribution for the AYW25 wing model at the peak and valley with the base
wing at 100 angle of attack.
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Fig. 12. Pressure coefficient distribution for the A9W25 wing model at the peak and valley with the base
wing at 15° angle of attack.
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Fig. 13. Pressure coefficient distribution for the A9W25 wing model at the peak and valley with the base
wing at 25° angle of attack.
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Fig. 15. urbulent viscosity variations for the AYW25 model wing (angles of attack 10, 15, and 25).
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Fig. 16. Turbulent kinetic energy variations for the wing in the A9W25 model (angles of attack 10, 15, and 25).
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